The biologic medication filgrastim is approved by the Food and Drug Administration (FDA) to mobilize hematopoietic progenitor cells (HPCs) for collection by leukapheresis for autologous hematopoietic stem cell transplant (HSCT). The FDA-approved biologic tbo-filgrastim is currently used off-label for this indication in both autologous and allogeneic HSCT at the Tennessee Valley Healthcare System. The purpose of this review is to compare the efficacy of filgrastim and tbo-filgrastim for this indication. The primary outcomes were the proportion of autologous patients and allogeneic donors with a CD34+ count ≥15 × 10 3 cells/uL on day 4 of filgrastim or tbo-filgrastim mobilization. The secondary outcome was the use of plerixafor in the autologous population. A total of 469 subjects were identified for inclusion; 367 underwent mobilization for autologous HSCT and 102 for allogeneic HSCT donation. The primary outcome was achieved in 47.5% of patients who received filgrastim compared to 50.2% who received tbo-filgrastim in the autologous population (p = 0.67). Among donors for allogeneic HSCT, there was no difference between those eligible for collection on day 4 of filgrastim or tbo-filgrastim administration (97.6% vs. 100%, p = 0.41). No significant difference was identified in the number of patients requiring plerixafor use in the autologous HSCT population. The use of the biosimilar tbo-filgrastim for mobilization in either autologous HSCT patients or allogeneic HSCT donors has comparable outcomes to that of the biotherapeutic reference product filgrastim at a reduced cost to the healthcare system.
INTRODUCTION
Hematopoietic stem cell transplantation (HSCT) is used to treat several malignant and nonmalignant conditions including multiple myeloma, Hodgkin's/non-Hodgkin's lymphomas, acute myeloid/lymphoid leukemias, and myelodysplastic syndromes [1] . According to the Center for International Blood & Marrow Transplant Research, over 22,000 autologous and allogeneic transplants were performed in the United States in 2017 [2] . Currently, methods for harvesting hematopoietic progenitor cells (HPCs) include surgical removal from bone marrow in the donor's hip, mobilization and leukapheresis from peripheral blood, and from umbilical cord blood [1] . To harvest an adequate number of HPCs to achieve engraftment from peripheral blood, granulocyte colony-stimulating factors (G-CSFs) must be used to mobilize HPCs from the bone marrow microenvironment into the peripheral bloodstream [3] .
Biologic medications are typically large, complex molecules which can be difficult to characterize and are easily influenced by the process of manufacturing [4, 5] . G-CSFs exhibit their mechanism of action by binding to cell surface receptors to increase hematopoietic cell proliferation, differentiation, and other cell functions [6] . One Food and Drug Administration (FDA)-approved G-CSF medication for use in mobilization for stem cell collection is filgrastim (Neupogen®) [6] . Although biologics, like filgrastim, can provide novel and sometimes life-saving treatment modalities, they have a significant cost burden on healthcare facilities [4] .
In response to the phenomenon of specialty medications and their high costs, a new drug class of "biosimilars" has emerged. Similar to brand-generic small molecule medications, biosimilars mimic original biologic medications and are defined as being highly similar and having no clinically meaningful differences from an existing reference product [4] . In 2009, the U.S. FDA-approved the Biologics Price Competition and Innovation Act of 2009 (BPCI Act) to allow biosimilar products an expedited approval process resulting in more prompt and affordable medications for patients [4] . In 2012, the FDA approved the biologic tbo-filgrastim (Granix®) similar to the reference product filgrastim (Neupogen®) [7] . Like its reference product, tbo-filgrastim is a myeloid growth factor that is FDA approved to reduce the duration of severe neutropenia in patients with non-myeloid malignancies receiving myelosuppressive anti-cancer drugs associated with a clinically significant incidence of febrile neutropenia [7] .
Currently, the American Society for Blood and Marrow Transplantation guidelines do not address the use of biosimilar versions of G-CSFs for HPC mobilization, and recognize filgrastim as the preferred agent for this indication [8] . The National Comprehensive Cancer Network guidelines discuss the use of biosimilar G-CSFs for a variety of indications. They recommend these products as part of supportive care following HSCT, but do not provide strong recommendations regarding G-CSFs use for mobilization of HPCs prior to HSCT. The guidelines suggest it is reasonable to substitute filgrastim with biosimilar drugs for mobilization in the autologous HSCT setting and discuss the possible use for mobilization of HPCs in the allogeneic HSCT population. However, they recognize there is minimal, lower-level evidence available to support these recommendations [9] . Currently, tbo-filgrastim is not FDA-approved for the mobilization of HPCs in HSCT, though it has been used offlabel at the Tennessee Valley Healthcare System (TVHS) since 2015 for this indication [7] . While many studies have compared the use of biosimilar products to filgrastim for reducing neutropenic duration after myelosuppressive chemotherapy, few have focused on their use in HPC mobilization. Recent studies examining the use of filgrastim-sndz or tbo-filgrastim in the mobilization setting lack long-term outcomes and often include small population sizes. In a 2011 prospective trial by Lefrere et al., 40 patients were given biosimilar filgrastim and compared to 41 historical patients with matching characteristics. While researchers found no clinical differences between the two products, the study was limited by the size of the population [10] . Similar results were found in a 2013 retrospective study by Publicover et al. and a 2015 retrospective study by Elayan et al. While these studies included larger populations, 154 and 185 patients respectively, only patients undergoing autologous HSCT were examined [11, 12] .
More recently, a 2019 study published by Potter et al. included 71 autologous patients and found no significant differences in CD34+ counts during stem cell mobilization or neutrophil engraftment between filgrastim and biosimilar filgrastim [13] . Additionally, an abstract published in 2019 by Anders et al. examined 186 patients undergoing autologous transplantation and compared filgrastim to the biosimilar filgrastim-sndz. This study found no significant difference in the number of CD34+ cells collected [14] . Both of these recently published retrospective studies were again limited in population size and to the autologous population. The purpose of our study is to compare the use of filgrastim to the biologic product tbo-filgrastim for HSCT in both autologous and allogeneic donor populations.
MATERIALS AND METHODS
This was a single-center, retrospective, observational cohort study reviewed by the institutional review board. Study participants included patients or healthy related donors if they were ≥18 years of age and received filgrastim or tbo-filgrastim for HPC mobilization between September 1, 2012 and August 31, 2018 at the TVHS HSCT clinic. Patients were excluded if they received any other biotherapeutic G-CSF, if they underwent chemotherapy mobilization, or had undergone a previous autologous HSCT. Patients must have had a CD34+ count measured on day 4 of filgrastim or tbofilgrastim administration. Additionally, patients were excluded if they were pregnant or breastfeeding, deceased before completion of apheresis or had a known hypersensitivity to filgrastim, plerixafor, or E. coli-derived products.
The protocol for HPC mobilization at this institution involves administration of a G-CSF agent for a minimum of four consecutive days. This process remained unchanged during the study period. The dosing of these agents is weight based (10 mcg/kg) and is given in a single daily dose. On the fourth day of the mobilization process, a peripheral blood CD34+ count is measured. While awaiting CD34+ lab results for clearance to proceed with collection, patients receive the fourth dose of G-CSF. All CD34+ counts were calculated by the same method throughout the study period. If insufficient cell numbers were measured, patients received one dose of plerixafor on the evening of the fourth day with the intention to undergo HPC collection on day 5. For patients to be eligible for apheresis on day four of G-CSF administration, a CD34+ count of ≥15 × 10 3 cells/uL is needed.
The primary endpoints of this study were to compare the rates of patients and donors eligible to undergo apheresis on day 4 of HPC mobilization who received the biosimilar tbo-filgrastim versus the biotherapeutic reference product filgrastim for HPC mobilization in both the autologous and allogeneic HSCT settings. The secondary objective was to compare the rates of patients who required plerixafor use in the autologous transplantation setting. For both primary objective populations, eligibility was defined using the surrogate lab marker CD34+. Patients were deemed eligible for apheresis if the CD34+ count was ≥15 × 10 3 cells/uL on day 4 of G-CSF administration.
Statistical Analysis
The primary endpoint, eligibility for collection on day 4 of GCSF administration based on CD34+ count, has not been previously examined. However, in an article by Murata et al., it was found that approximately 70% of patients were eligible for collection on day 4 of mobilization [15] . Additionally, the FDA guidance for industry on demonstrating interchangeability of biosimilars with a reference product states that the acceptable difference of biosimilars to the reference product for pharmacokinetic parameters (including AUC and Cmax) should be between 80% and 125% [16] . Therefore, using these two points with an alpha set at 0.05 and beta set at 0.20, it was calculated that a sample size of 103 patients in each arm was needed to provide adequate power.
Patient demographics are presented using descriptive statistics to compare baseline characteristics of the tbo-filgrastim and filgrastim groups in both the autologous and allogeneic HSCT settings. Continuous variables were analyzed using t-tests and categorical variables were analyzed using two-tailed Fishers exact tests.
RESULTS
From September 2012 through August 2018, a total of 534 patients were identified as having received tbo-filgrastim or filgrastim for HSCT mobilization. Of those, 65 met the exclusion criteria, resulting in the final population size of 469. Reasons for exclusion included patients undergoing chemotherapy mobilization (46/534), mobilization with an agent other than filgrastim or tbo-filgrastim (1/534), those who did not receive at least 4 days of G-CSF therapy during the mobilization process or did not have a CD34+ count measured on day 4 (13/534), and those who had undergone a previous autologous transplantation (5/534). Of the 469 patients included in the study, 367 underwent mobilization for autologous HSCT and 102 for allogeneic HSCT donation. The patient inclusion and exclusion process is outlined in Figure 1 . When comparing the two groups, the baseline characteristics were found to be similar (Table 1) . 
Figure 1 Patient inclusion and exclusion process.
There was no significant difference in the number of autologous HSCT patients eligible for collection on day 4 between filgrastim and tbo-filgrastim. The primary endpoint was reached in 76/160 patients receiving filgrastim and 104/207 patients receiving tbofilgrastim (47.5% vs. 50.2%; p = 0.67). Additionally, there was no difference in donors undergoing mobilization for allogenic HSCT. Of the 102 donors, 41/42 (97.6%) in the filgrastim group were eligible for collection on day 4 of G-CSF administration compared to 60/60 (100%) in the tbo-filgrastim group (p = 0.41) ( Table 2) .
When the primary outcome was further analyzed based on cancer type for patients undergoing autologous transplantation, no difference was seen in the filgrastim group versus the tbo-filgrastim group for patients eligible for apheresis on day 4 of HSCT mobilization (Table 3) .
A secondary endpoint sought to evaluate the use of plerixafor in the autologous HSCT patient population. There was no difference between those who received either filgrastim or tbo-filgrastim (40% vs. 48.8%; p = 0.11) ( Table 4 ).
In addition to these previously discussed endpoints, average cell dose collected during apheresis was assessed for autologous transplantations. The average cell dose collected for the tbo-filgrastim patients was 5.5 × 10 6 CD34+ cells/kg and 5.2 CD34+ cells/kg for the filgrastim group (p = 0.21). This information was not available for donors undergoing apheresis for allogeneic HSCT.
DISCUSSION
This study sought to ensure that equivalent care was provided to patients whether they received a reference product or biosimilar medication during HPC mobilization. The subjects undergoing autologous HSCT were representative of an elderly population as they were primarily older, white males that were being treated with HSCT for a variety of malignant conditions. Our findings showed no difference in the number of patients eligible for apheresis on day 4, demonstrating that tbo-filgrastim is equally efficacious in Table 1 Baseline characteristics. mobilizing HPCs into the peripheral blood as the reference biologic product. Tbo-filgrastim is a reasonable choice for mobilization of HPC for both autologous and allogeneic transplants at a reduced cost to the healthcare system.
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Even though no difference between groups was noted, the study was adequately powered to detect a difference for the autologous population and is one of the largest projects comparing biologic medications for this indication. Furthermore, the use of tbo-filgrastim did not result in higher median drug doses being administered, nor did patients receiving tbo-filgrastim required more plerixafor use, both of which justify the formulary decision to use tbo-filgrastim over filgrastim from an efficacy and cost-saving standpoint at our healthcare system.
The primary endpoint of the proportion of patients or healthy related donors with a CD34+ count of ≥15 cells/uL on day 4 was utilized, as it is the most appropriate and accurate method to assess G-CSF's ability to mobilize stem cells out the marrow and into the peripheral blood. Outcomes assessed in previously published studies-including cell dose collected, number of hours on the apheresis machine, blood volume filtered, viability of collection, and even disease outcomes such as mortality and relapse rates-can be influenced by many other variables, including individual facility collection processes, apheresis procedures, and post-transplant care.
There are a few limitations of this study to consider. First, subjective data such as patient tolerability of the medication compared to the biotherapeutic reference product could not be assessed, due to the retrospective nature of the study. Second, this project was unable to assess variability of clinical judgment between BMT providers. While the current protocol recommends that patients should reach a CD34+ count ≥15 cells/uL prior to apheresis, individual providers may deviate from the protocol, if deemed clinically appropriate. When using this prerogative, there were instances when patients underwent apheresis, both successful and not, prior to reaching the target cell count. Therefore, the success or failure of clinical judgment and subsequent deviations from the protocol was not adequately reflected in the standardized primary endpoint of this study. Additionally, the study was not adequately powered to detect a difference in the allogeneic HSCT donor population due to a smaller sample size. Despite the inability to meet power for this group, the sample size was larger than most published studies in this population, and successful mobilization rates were extremely high in both groups.
This study supports the continued off-label use of tbo-filgrastim in HPC mobilization in both the autologous and allogeneic populations with no difference in efficacy. However, there is also a significant financial incentive for use of tbo-filgrastim in HSCT. TVHS performs an average of 120 HSCT annually. Of these, approximately two-thirds are autologous and one-third allogeneic. Using the average wholesale price of filgrastim and tbo-filgrastim, it is estimated that the annual cost savings for the healthcare system when using tbo-filgrastim in place of filgrastim for the HSCT mobilization is close to $90,000 per 120 patients. In addition to the potential costsavings that biosimilar products can have, they also can present a potential solution for managing drug shortages of biologic reference products [17] . Future directions to investigate include the development of a multicenter, prospective trial to provide a more homogenous patient population. Such a trial would have the ability to assess adverse effects and other variables unavailable for collection in this retrospective study.
CONCLUSION
There was no significant difference between the use of filgrastim and the biologic tbo-filgrastim for mobilization of HPC for patients in the autologous HSCT or donors in the allogeneic HSCT setting. Additionally, there was no difference in the use of plerixafor in the autologous population.
